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(57) Abstract: The invention relates to the use of hymenialdisine or derivatives thereof 
of formula (I) in which Rl and R2, identical or different, represent H or Br, or a pharma- 
ceutically acceptable salt thereof, in the manufacture of a medicament for use in inhibit- 
ing acceptable salt thereof, in the manufacture of a medicament for use in inhibiting 
cycline dependent kineases, GSK-3(J and casein kinase 1. Application for preventing 
and treating neurodegenerative disorders, diabetes, inflammatory pathologies and can- 
cers. 
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USE OF HYMENIALDISINE OR DERIVATIVES THEREOF IN THE 
MANUFACTURE OF MEDICAMENTS 

5 

The invention relates to the use of hymenialdisne or derivatives thereof in the 
manufacture of medicaments capable of blocking the cellular division or the 
intracellular transduction of signals. 

10 

It more particularly relates to the use of hymemnialdisirj^ (referred to as HD 
hereinafter), or derivatives thereof, in the manufacture of proterft kinase inhibitors. 

Protein kinase are involved in cellular regulation, particularly in protein 

1 5 phosphorylation. 

Cyclin-dependent kinase proteins (CDKs in abbreviated form) are involved 
in cell cycle control (CDK1, 2, 3, 4, 6 & 7), in thymocyte apoptosis (CDK2), in 
neuronal functions (CDK5), in transcriptional control (CDK7, 8 & 9) (reviews in 
[1,2,3] the list of the references being given at the end of the description). In nervous 

20 tissues CDK5/p35 phosphorylates the microtubule-associated proteins tau and 
MAP-IB, the Pakl kinase and neurofilament subunits. Intensive screening has lead 
in a few years to the identification of a series of chemical inhibitors of CDKs, such as 
olomoucine, roscovitine, purvalanol, flavopiridol, indirubins, paullones. Some of 
these compounds display a remarkable selectivity and efficiency. Many have been 

25 co-crystallised with CDK2 and their interactions with the ATP-binding pocket of the 
kinase have been analysed in detail (review in [4]). 

HD was also reported to inhibit protein kinase C ( WO 93 16703 and W095 

31462). . . 

30 It has now been found that said compound, and derivatives thereof, are 

potent, selective inhibitors of CDKs 1, 2 and 5 and of two other major protein 
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kinases involved in protein phosphorylation, i-e. Glycogen synthase kinase 3-P 
(GSK-30 and in abbreviated form) and casein kinase 1. 

The invention thus relates to the use of hymenialdisine or derivatives thereof 
of formula I 

5 N'h\ 

H 




10 



in which R 1 and R 2 , identical or different, represent H or BR, or a pharmaceutical^ 
acceptable salt thereof, in the manufacture of a medicament for use in onhibiting 
1 5 cyclin-dependent kinases, GSK-3P and casein kinase 1 . 

The term "derivatives", as used in the specification, comprises the above- 
defined salts. 

20 In a preferred use, the compound is 4- (2-amino-4-oxo-2-imidazolin-5- 

ylidene)- 4, 5, 6, 7-tetrahydropyrrolo (2,3-c) azepine-8-one, or a pharmaceutical^ 
-acceptable salt thereof. 

In another preferred use, the compound is 4-(2-amino-4-oxo-2-imidazolin-5- 
ylidene)-2-bromo-4, 5, 6, 7-tetrahydropyrrolo (2,3-c) azepine-8-one, or a 

25 pharmaceutically acceptable salt thereof. 

As observed with other CDKs inhibitors, HD and derivatives thereof act by 
competition with ATP. They interact with the ATP-binding pocket through three 
hydrogen bonds with the Glu-81 and Leu-83 residues of CDK2. 

30 
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Hymenialdisine derivatives capable of forming hydrogen bonds with the 
Glu-81 and Leu-83 residues of CDK2 are also part of the invention. 

As above-mentioned, said compounds strongly inhibit CDK1, CDK2, CDK5, 
5 GSK-3p and casein kinase 1. 

In vivo experiments in several models have shown that HD and its 
derivatives inhibit CDK5/p35 as demonstrated by the lack of 
phosphorylation/ down-regulation of Pakl kinase in E18 rat cortical neurones. 

10 

They also inhibit GSK-3P in vivo as shown by the inhibition of MAP-IB 
phosphorylation on a GSK-3p-specific site. They also block the in vivo 
phosphorylation of the microtubule-binding protein tau at sites which are 
hyperphosphorylated by GSK-3P and CDK5/p35 in Alzheimer's disease. 

15 

By acting on said kinases, which represent the major kinases involved in the 
hyperphosphorylation of substrates involved in neurodegenerative diseases, said 
compounds are of great interest for manufacturing medicaments for treating and 
preventing corresponding conditions. 

20 

Accordingly, the invention relates to the use of HD and its derivatives for 
manufacturing medicaments useful for treating neurodegenerative diseases. 

Said medicaments can be used for treating or preventing Alzheimer's disease, 
25 or other neuronal disorders, such as Parkinson's disease, multiple system atrophy. 
They are also useful for treating dogs with hereditary canine spinal muscular 
atrophy. 



The invention also relates to the use of HD and its derivatives for 
30 manufacturing medicaments efficacious in the prevention and the treatment of 
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diabetes. As said compounds are GSK-3p inhibitors, they constitute insulino- 
mimetics of great interest in that respect. ' 

The anti-inflammatory properties of HD and its derivatives are also used for 
5 manufacturing medicaments useful for treating and preventing such conditions. 

By acting on said kinases, and particularly on CDKs, said compounds also 
have antiproliferative effects resulting in antitumoral properties of great interest. 
The invention thus also relates to the use of HD and its derivatives for 
10 manufacturing medicaments for preventing and treating cancers. 

The compounds of formula I can be isolated from marine invertebrates [5]. 

HD has been found in species of marine sponges belonging to the Agelasidae, 
Axihellidae and Halichondriidae families. These animals contain a variety of 
1 5 substances which are clearly metabolically related to HD (Fig. 1). 

Pharmaceutical^ acceptable acid addition salts of compounds of formula I 
are formed with organic or inorganic acids according to usual methods. 

20 Suitable acids comprise acetic, ascorbic, maleic, phosphoric, salicylic and 

tartric acids. 

The medicaments comprise an effective amount of the above-mentioned 
compounds in association with a pharmacologically acceptable carrier. 

25 

Said carrier may be solid or liquid depending on the administration form. 

The medicaments can be administered in various forms : parenterally, 
rectally, topically, transdermally or orally. They are more particularly administered 
30 by the oral or injectable route. 
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For administration by the oral route, lozenges, compressed tablets, pills, 
tablets, capsules, drops, syrups, suspensions or emulsions, may be used. These 
compositions advantageoulsy comprise 100 to 1000 mg of active prinicpe per dose 
unit, preferably 300 to 600 mg. 

5 

Other forms of administration include injectable solutions for the 
intravenous, subcutaneous or intramuscular route, formulated from sterile or 
sterilizable solutions. They can also be suspensions or emulsions. 

10 These injectable forms comprise 100 to 1000 mg of a compound of formula I, 

or a pharmaceutically acceptable salt thereof, preferably 300 to 600 mg, per dose 
unit. 

By way of indication, the dosage which can be used in a patient in need 
15 thereof corresponds to the following doses : for example, 100 to 1000 mg/day are 
thus administered to the patient 1 to 4 times per day for the treatment of 
neurodegenerative disorders. 

The invention also relates to biological reagents, the active principles of 
20 which consist of the compounds of formula I as above-defined. 

These reagents can be use as references or standards in studies of cell division and 
phosphorylation mechanisms. 

25 Other characteristics and advantages of the invention are described in the examples 
which follow with reference to figures 1 to 13 in which 

- Figure 1 represents the structure of hymenialdisine and related metabolites 
isolated from marine sponges, 

- Figure 2, the CDKl/cyclin B kinase activity in the presence of increasing 
30 concentrations of HD and analogues, 
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- Figure 3, the autoradiography obtained with a presenilin-MBP fusion protein 
phosphorylated in vitro with casein kinase 1 in the presence of increasing HD 
concentrations and resolved by SDS-PAGE, 

- Figure 4 A represents the inhibition by HD of Pakl phosphorylation by CDK5/p35 
5 in vitro and in vivo (Figure 4 A shows the level of H4 phosphorylation following SDS- 

PAGE of the substrate, and figure 4B, the Western blots showing amounts of Pakl 
and p35), 

- Figure 5A, the autoradiography of r-htau phosphorylated in vitro with GSK-3p in 
the presence of increasing HD concentrations and resolved by SDS-PAGE, and 

10 Figure 5B, the immunoblot results obtained by reacting, with various 
antibodies,preparations of htau23, exposed, or non exposed, to CDKs inhibitors in 
vivo, 

- Figure 6 A, kinetic data from assays of CDK/1 cyclin B protein kinase activity at 
different concentrations of HD, and figure 6B the results obtained when exposing 

15 immobilised CDK1/ cyclin B to HD and Western blotting with anti-cyclin B and 
anti-PSTAIRE antibodies, 

- Figure 7, a stereo view of the electron density map for HD in complex with CDK2, 

- Figure 8A, a stereo diagram showing the refined structure of HD in the ATP 
binding pocket of CDK2 and figure 8B, the schematic illustration of the interactions 

20 between CDK2 and HD, 

- Figure 9, stereo views showing the comparison of HD-CDK2 binding with those of 
other CDK2 ligands, 

- Figure 10, the results obtained by double immunofluorescence staining for GAP-43 
and MAP-1B-P depending on HD concentrations (A-H), and Western blot results 

25 with cell lysates in response to increasing doses of HD, 

- Figure 11, the effect of HD on HT 29-18-C1 cells growth, 

- Figures 12 and 13, the cellular effects of HD with the arrest in S phase (Figure 12) 
and at the G2/Mtransition (Figure 13) 
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T / MATERIAL AND METHODS 

- Chemicals and Reagents 
5 Sodium ortho-vanadate, EGTA, EDTA, RNAse A, Mops, fi- 

glycerophosphate, phenylphosphate, sodium fluoride, glutathione-agarose, 
dithiothreitol (D1T), bovine serum albumin (BSA), nitrophenylphosphate, leupeptin, 
aprotinin, microcystiri pepstatin, soybean trypsin inhibitor, benzamidine, histone HI 
(type III-S), myelin basic protein, casein were obtained from Sigma Chemicals, [y- 
1 0 32 P]- ATP (PB 168) from Amersham. 

The GS-1 peptide (YRRAAVPPSPSLSRHSSPHQSpEDEEE) was obtained 
by synthesis. 

Hymenialdisine was isolated as previously described [6,7] and dissolved 
as a 10-50 mM stock solution in dimethylsulfoxide (DMSO). It was diluted to 5-10 
1 5 mM in Me2S0 just prior to using in aqueous buffers. Final DMSO concentration in the 
reaction mixture was below 1 % (v/ v). 

Axinohydantoin [7], hymenialdisine-platinum complex, 

diacetylhymenialdisine, diacetyl-debromohymenialdisine, dibromophakellstatin [6], 
agelastatin A [8], dibromoageliferin, clathrodin, hymenidin, dibromocantharelline 
20 [9] were prepared in the laboratory. Agelongine [10], dispacamide B [11], sceptrin 
[12], oroYdin [13] and stevensine (odiline) [14,9] were purified from Agelas sp. 

GST-Retinoblastoma protein was expressed in bacteria and purified on 
glutathione-Sepharose beads as previously described [15]. pg^^-Sepharose beads 
were prepared as previously described [16], 

25 

: Buffers 

Homoeenization Buffer : 60 mM ^-glycerophosphate, 15 mM p-nitrophenyl- 
phosphate, 25 mM Mops (pH 7.2), 15 mM EGTA, 15 mM MgCl2, 1 mM DTT, 1 mM 
sodium vanadate, 1 mM NaF, 1 mM phenylphosphate, 10 \xg leupeptin/ml, 10 fig 
30 aprotinin/ ml, 10 jig soybean trypsin inhibitor/ ml and 100 |iM benzamidine. 
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Buffer A: 10 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, 25 rxuM Tris-HCl pH 7.5, 50 \xg 
heparin/ml. 

Buffer C : homogenization buffer but 5 mM EGTA, no NaF. and no protease 
5 inhibitors. 

Hypotonic Lvsis Buffer fHLB): 50 mM Tris-HCl pH 7.4, 120 mM Nad, 10 % glycerol 
1 % Nonidet-P40, 5 mM DTT, 1 mM EGTA, 20 mM NaF, 1 mM orthovanadate, 5 \iM 
microcystin, 100 |ig/ml each of leupeptin, aprotinin and pepstatin. 

10 

Tris-Buffered Saline -Tween-20 (TBST) : 50 mM Tris pH 7.4, 150 mM NaCl, 0.1% Tween- 
20. 

STM buffer : 10 mM Tris-HCl pH 8.0, 0.25 M sucrose, 10 mM MgCl 2 , 1 mM DTT, 
1 5 protease and phosphatase inhibitors [17]. 

- Kinase preparations and assays 

Kinases activities were assayed in Buffer A or C (unless otherwise stated), at 
30°C, at a final ATP concentration of 15 jiM. Blank values were subtracted and 
20 activities calculated as pmoles of phosphate incorporated for a 10 min. incubation 
(usually expressed in % of the maximal activity, i.e. without inhibitors). Controls 
were performed with appropriate dilutions of Me2S0. In some cases 
phosphorylation of the substrate was assessed by autoradiography after SDS-PAGE. 
ICso values were estimated from the dose-response curves. 

25 

CDKl/cvclin B was extracted in homogenisation buffer from M phase starfish 
(Marthasterias glacialis) oocytes and purified by affinity chromatography on p^ 1 ^ 1 - 
Sepharose beads, from which it was eluted by free p9 CKShsl as described [15, 16]. The 
kinase activity was assayed in buffer C, with 1 mg histone HI / ml, in the presence of 
30 15 |iM [y- 32 P] ATP (3,000 Ci/mmol; 1 mCi/ml) in a final volume of 30 pi. After 10 
min. incubation at 30°C, 25 \A aliquots of supernatant were spotted onto 2.5 x 3 cm 



10 
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pieces of Whatman P81 phosphocellulose paper, and, 20 sec. .later, the filters were 
washed five times (for at least 5 min. each time) in a solution of 10 ml phosphoric 
acid/ liter of water. The wet filters were counted in the presence of 1 ml ACS 
(Amersham) scintillation fluid. 

GSK-3g was either purified from rabbit muscle or expressed in and purified from 
insect Sf9 cells [18]. It was assayed, following a 1/100 dilution in 1 mg BSA/ml 10 
mM DTT, with 5 ul 40 uM GS-1 peptide as a substrate, in buffer A, in the presence of 
15 uM [y- 32 P] ATP (3,000 Ci/mmol; 1 mCi/ml) in a final volume of 30 ul. After 30 
min. incubation at 30°C, 25 ul aliquots of supernatant were spotted onto P81 
phosphocellulose papers and treated as above described. 



CDK5/p25 was reconstituted by mixing equal amounts of recombinant CDK5 and 
p25 expressed in E. coli as GST (Glutathione-S-transferase) fusion proteins and 
15 purified by affinity chromatography on glutathione-agarose (p25 is a truncated 
version of the CDK5 activator). Its activity was assayed in buffer C as described for 
CDKl/cyclin B. 

GDK2/cvclin A, CDK2/cvclin E, CDK3/cvclin E, CDK4/cvclin PI, CPK6/cyclin 
20 D2, His-tagged erkl and erk2, protein kinase C isoforms, the catalytic subunit of 
cAMP-dependent protein kinase, cGMP-depen dent protein kinase. Myosin light 
chain kinase, casein kinases 1 & 2, ASK-v (a plant homologue of GSK-3), insulin 
rPre ptor tyrosine kinase domain (CIRK-41), c-raf, MAPKK, c-jnn N terminal kinase 
(obtained from Promega), c-src kinase and v-abl kinase were assayed as described 
25 [15]. 

- Electrovhoresis and Western blotting 

Proteins bound to pgCKS^-Sepharose beads (starfish CDKl/cyclin B) were 
denatured with 2X Laemmli sample buffer. Samples were run on 10% SDS- 
30 polyacrylamide gels. Proteins were transferred from the gel to a 0.1 urn 
nitrocellulose sheet in a milliblot-SDE system (Millipore) for 30 min. at 2.5 mA/cm 2 
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in transfer buffer. Subsequently, the filter was blocked with 5% low fat milk in TBST 
for 1 hour. The filter was then washed with TBST and incubated for 1 hour with the 
first antibodies (anti-PSTAIRE, 1:2000; anti-cyclin B, 1:1000). After 4 washes (1 X 20 
min., 3X5 min.) with TBST, the nitrocellulose sheet was treated for 1 hour with 
5 horseradish peroxidase-coupled secondary antibodies diluted in TBST (1:1000). The 
filter was then washed 5 times (1 X 20 min., 4X5 min.) with TBST and analysed by 
enhanced chemioluminescence with ECL detection reagents and hyperfilm MP, 

- Preparation ofCDK2/HD crystals . 

10 Human CDK2 was purified and crystallized as previously described [19]. A 

procedure involving chemical cross-linking was employed to prevent crystals from 
cracking. Crystals were first soaked in a solution containing 0.5 mM ATP, 1 mM 
MgCl 2 for 2 hours, then cross-linked with 0.1 % glutaraldehyde, for 1 hour at 4 °C. 
After extensive washing the crystals were transferred to an inhibitor solution in 0.2 

15 M HEPES, 5 % ethylene glycol and 1 % DMSO. This protocol allowed crystals to be 
soaked at inhibitor concentrations up to 0.5 mM, for several days, without showing 
any damage. 

- Determination of the CDK2/HD crystal structure . 

20 X-ray diffraction data to 2.1 A resolution were collected on a single 

CDK2/HD crystal using an R-Axis II image plate detection system, mounted on a 
Rigaku rotation-anode generator. Data were collected at 120 K to prevent radiation 
damage of the crystal. Just prior to freezing, the crystal was transferred to a cryo- 
protecting solution containing 25 % ethylene glycol. Flash freezing was achieved in a 

25 dry nitrogen stream using a Molecular Structure Corporation cryodevice. Freezing 
altered slightly the unit cell dimensions and increased the mosaic spread from 0.2 to 
0.6°. The cross-linking by itself did not alter the diffraction characteristics 
significantly. The intensity data were processed with the DENZO and SCALEPACK 
programs [20]. The program TRUNCATE, as implemented in the CCP4 suite [21], 

30 was used to obtain the final set of structure factor amplitudes. A summary of the 
data processing statistics is presented in Table 3. Refinement of the CDK2/HD 
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complex was started from the coordinates of the highly refined CDK2/ ATP model. 
All refinement steps were carried out using the program X-PLOR [22]. Molecular 
replacement followed by rigid body refinement was necessary to successfully 
reorient and reposition the CDK2 molecule in the unit cell of the frozen crystal. The 
5 model was then further refined using several rounds of conjugated-gradient energy 
minimization. After this stage clear electron density, calculated from 2F D -F C and F G -F C 
Fourier maps, indicated the binding mode of the hymenialdisine inhibitor. Initial 
coordinates and geometric restraint terms for hymenialdisine were taken from the 
small molecule structure of Mattia et al [23] Refinement of the CDK2/HD model was 
10 then pursued with several rounds of both X-ray restrained energy minimization and 
molecular dynamics, alternated with model building. Towards the end of the 
refinement several water molecules and a few molecules of ethylene glycol were 
added to the model. The stereochemistry of the CDK2/HD model was verified using 
the software package PROCHECK [24]. 

15 

- In vitro phosphorylation of presenilin-2 

The large hydrophilic loop of presenilin-2 between transmembrane domains 6 
and 7 was expressed in E. coli as a presseilin-2 loop - maltose-binding protein (MBP) 
fusion protein [25]. Following affinity chromatography purification presenilin-2- 
20 MBP was used as a substrate for CKl. After 30 min incubation in the presence of 
various HD concentrations, the kinase reaction was stopped by addition of Laemmli 
sample buffer. MBP-presenilin-2 was resolved by SDS-PAGE and its 
phosphorylation level visualised by autoradiography. 

25 - In vitro and in vivo Pakl phosphorylation by CDK5/p35 

In vitro Pakl phosphorylation 

CDK5/p35 was immunoprecipitaed from P02 rat cortices using the C-terminal Santa 

Cruz antibody (400 jag total protein per kinase assay). The immunoprecipitate was split into 

equal aliquots and the kinase assays performed using GST-PaklK299 as a substrate. 
30 Roscovitine, HD or DMSO were added to the beads just prior to the kinase assay, as 

described [17]. Phosphorylation was monitored by autoradiography. 
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In vivo Pakl phosphorylation 

HD was added onto cultured neurones obtained from El 8 fat embryo cortices when 
the cultures were 4 days old. As a control DMSO was used to the maximal volume of drug 
used (7.5 nl). The drug was left on the cells for 1 hour. The cells were then lysed on ice in 
5 STM buffer and the membrane fraction isolated with STM containing 0.5 % NP-40 [17]. 

Pakl immunoprecipitations were carried out using a specific polyclonal antibody, 
followed by kinase assays using histone H4 as a a substrate. The amount of H4 
phosphorylation, reflecting the level of Pakl activity, was determined by measuring the 
intensity of the bands on autoradiography film and quantitating with NIH imaging program. 
10 As loading controls Pakl and p35 western blots were made. The latter protein 

increases in amount with the level of CDK5/p35 kinase inhibition. 

-In vivo MAP-IB phosphorylation by GSK-3and immunochemistry 

Cerebellar granule cells were isolated from newborn mice and purified according to 

15 the method of Hatten [26] using Percoll gradients. Cells were plated onto dishes coated with 
poly-D-iysine (100 ng/ml) and laminin (50 jig/ml) and grown in serum-free medium for 1 
day, the cultures were then treated with HD (1-100 jiM) for 20h. Cultures were fixed with 
4% formaldehyde in PBS and stored in PBS at 4°C. Cells were permeabilised with 100% 
methanol and incubated with primary antibodies against GAP -43 and MAP-1B-P (SMI-31, 

20 Affiniti) overnight at 4°C. FITC and Texas Red conjugated secondary antibodies were used 
(Vector). For western blot analysis, cells were lysed in sample buffer and analysed by 8 % 
SDS-PAGE. Proteins were transferred to nitrocellulose membranes and incubated with an 
antibody to MAJMB-P (SMI-31) diluted in block solution (0.1% Tween-20, 3% dried 
skimmed milk in TBS) for 2h at room temperature. HRP-conjugated secondary antibodies 

25 (Amersham) were used and proteins were visualised using the ECL' system (Pierce). Blots 
were scanned using a flat bed scanner (UMAX Astra 1200S). 

- In vitro and in vivo Tau phosphorylation 

Cells and viruses. Sf9 cells (InVitrogen, San Diego, CA) were grown at 27°C in 
30 monolayer culture Grace's medium (Gibco BRL, Gaithersburg, MD) supplemented with 10 
% fetal bovine serum and 50 \ig gentamycin /ml and 2.5 \xg amphotericin/ml. BaculoGold 
was obtained from PharMingen (San Diego, CA), pVL1392 from InVitrogen. 

•*< • 

- - > 
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Tau transfection. The gene for htau23, the shortest human tau isoform [27] was 
excised from the bacterial expression vector pNG2 [28] with Xbal and BamHI, and inserted 
into the baculovirus transfer vector pVL1392 cut with the same restriction endonucleases. 
The BaculoGold system was used to construct the tau baculovirus containing vector. The 
5 BaculoGold DNA is a modified type of baculovirus containing a lethal deletion. 
Cotransfection of the BaculoGold DNA with a complementing bacuTovirus transfer vector 
rescued the lethal deletion of this virus DNA and reconstituted viable virus particles carrying 
the htau23 coding sequence. Plasmid DNA used for transfections was purified using 
QIAGEN cartridges (Hilden, Germany). Sf9 cells grown in monolayers (2xl0 6 cells in a 60 
10 mm cell culture dish) were cotransfected with baculovirus DNA (0.5 jig BaculoGold DNA) 
and with vector derivatives of pVL1392 (2 ng) using a calcium phosphate coprecipitation 
method. The presence of recombinant protein was examined in the infected cells 5 days post 
- infection by SDS-PAGE and Western blotting. 

15 Tau phosphorylation in Sf9 cells. 

To determine the effects of kinase inhibitors on tau phosphorylation, Sf9 cells infected 
with baculovirus expressing htau23 were treated 36 hrs post-infection with 50 jiM HD or 
flavopiridol for 5 hrs before being harvested. To obtain control tau samples with enhanced 
phosphorylation, the htau23 expressing Sf9 cells were treated with 0.2 nM okadaic acid for 5 

20 hrs before harvest. 

Tau Western blotting. 

Sf9 cells were infected with recombinant virus at a MOI of 1-5. Cell lysates were 
prepared in Hypotonic Lysis Buffer (HLB). After 15 min. centrifiigation at 16,000 g, the 
25 supernatant was recovered and its NaCl concentration raised to 500 mM. It was then boiled 
for 10 min. and re-centriguged at 16,000 g for 15 min. Proteins (3 pg) were resolved by SDS- 
PAGE, transferred to a PVDF membrane, and Western blotted with the following antibodies: 
AT-8 (1:2000), AT-180 (1:1000), AT-100 (1:500), PHF-1 (1:600) and polyclonal anti-tau 
antibody K9JA. 

30 

Tau phosphorylation in vitro was performed using purified. GSK-3p and recombinant 
tau-32 as a substrate. After 30 min incubation in the presence of various HD concentrations, 
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under the GSK-3P assay conditions described above, the kinase reaction was stopped by 
addition of Laemmli sample buffer. Tau was resolved by SDS-PAGE and its phosphorylation 
level visualised by autoradiography. 

5 II / RESULTS 

. Kinase inhibition selectivity of hymenialdisine 

Enzyme activities were assayed as described in the Experimental Procedures 
section, in the presence of increasing HD concentrations. ICso's were calculated from 
10 the dose-response curves. no effect at the highest dose tested (in parentheses). The 
results are given in table 1. 
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Table 1 

Enzvme ICsoJnM) 



cdkl/cyclin B 22 

5 cdk2/cyclin A 70 

cdk2/cyclin E 40 

cdk3/cyclin E 100 

cdk4/cyclin Dl 600 

cdk5/p25 28 

10 cdk6/cyclin D2 700 

erkl 470 

erk2 2,000 

c-raf > ^0,000 

MAPKK 1,200 

1 5 c-Jun N-terminal kinase 8,500 

protein kinase C a 700 

protein kinase C pi 1/200 

. protein kinase C 02 1/700 

protein kinase C y 500 

20 protein kinase C 5 1,100 

protein kinase C £ 6,500 

protein kinase C n 2,000 

protein kinase C C, 60,000 

cAMP-dependent protein kinase 8,000 

25 cGMP-dependent protein kinase 1,700 

GSK3-P .1° 

ASK-y (plant GSK-3) 80 

Eg2 kinase 4,000 

casein kinase 1 35 

30 casein kinase 2 7;000 

Insulin receptor tyrosine Kinase 75,000 

c-src tyrosine kinase . 7,000 

c-abl tyrosine kinase 4,000 

topoisomerase I - (10,000) 

35 topoisomerase II a -(10,000) 



In the presence of 15 uM ATP, HD was found to inhibit CDKl/cyclin B, 
CDK2/cycUn A, CDK2/cyclin E, CDK3/cyclin E and CDK5/p35 with IC^'s of 22, 
70, 40, 100 and 28 nM, respectively (Table 1). As observed with olomoucine [29], 
40 roscovitine [15], indirubin-3'-monoxime [30], kenpaullone [31] and in contrast to 
flavopiridol [32], HD had limited effect on CDK4/cyclin Dl and CDK6/cyclin D2 
(ICjo's of 600 and 700 nM, respectively). 
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HD was next tested on a variety of highly purified kinases (Table 1). Kinase 
activities were assayed with appropriate substrates (histone HI, casein, myelin basic 
protein, peptides,...etc), with 15 ATP (concentration chosen for practical reasons: 
comparison with previously published articles; high specificity of ATP) and in the 
5 presence of increasing concentrations of HD. IC^ values are also presented in Table 
1. Most kinases tested were poorly or not inhibited (IC^ > l|iM). However, two 
kinases, glycogen synthase kinase-3p (GSK-3P) and casein kinase 1 (CK1) were 
strongly sensitive to HD (IC^s of 10 and 35 nM, respectively) ■ ' 

10 . Inhibition of CDKl/cuclin BbyHD analogues 

CDKl/cyclin B was assayed as described under the Experimental Procedures 
section in the presence of increasing concentrations of HD and analogues. Activity is 
presented as % of maximal activity, i.e. measured in the absence of inhibitors. The 
results are given on figure 2. 

15 

. In vitro Assay ofHD sensitive kinases with relevant substrates 

The HD-sensitive kinases were also assayed in vitro with physiologically 
relevant substrates: a fragment of presenilin-2 [25] for casein kinase 1 , Pakl [17] for 
CDK5/p35, the insulin-receptor substrate IRS-1 [33] or tau for GSK-3p. The results are 

20 illustrated on figures, 3-5. 

Fig. 3 illustrates the inhibition effect of HD on the phosphorylation of presenilin-2 
by casein kinase 1 in vitro. A bacterially-expressed fusion protein between 
presenilin-2 and maltose-binding protein (PS-2.MBP) was phosphorylated in vitro 
with casein kinase 1 in the presence of increasing HD concentrations and resolved by 

25 SDS-PAGE, followed by autoradiography. 

Fig.4 illustrates the inhibition effect of HD on Pakl phosphorylation by 
CDK5/p35 in vitro and in vivo. Rat embryo cortical neurones were exposed to 
various HD concentrations for 1 hr. Pakl was then immunoprecipitated and its 
kinase activity towards histone H4 measured. The upper panel shows the level of H4 

30 phosphorylation following SDS-PAGE of the substrate. Numbers correspond to the 
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quantification of the autoradiography. Western blots show amounts of Pakl (lower 
panel) and p35. An increase in p35 levels as a consequence of CDK5 inhibition. 
Fig.5 illustrates the inhibition effect of the phosphorylation by tau phosphorylation 
by GSK-3P in vitro and in vivo. 
5 Fig.SA gives the results of the following experiments : Bacterially-expressed 

recombinant human tau was phosphorylated in vitro with GSK-30 in the presence of 
increasing HD concentrations and resolved by SDS-PAGE, followed by 
autoradiography. 

In experiments whose results are given on Figure 5B, Sf9 cells expressing 
10 htau23 were left untreated (-), or exposed to okadaic acid (OA), hymenialdisine (HD) 
or flavopiridol (FL) for 5 hrs. Cell lysates (3 ng htau23) were resolved by SDS-PAGE, 
stained with Coomassie blue or immunoblotted with various antibodies: K9JA (a 
pan-tau antibody) recognizes all preparations which contain tau; AT8, AT180 and 
PHF1 are specific for different phosphorylated SP or TP motifs; AT100 recognizes 
1 5 tau phosphorylated at T212 and S214, a highly specific reaction for Alzheimer tau. 

The sensitivity of the kinases towards HD remained quite comparable to the 
sensitivity of the same kinases assayed with more artificial substrates. 

20 . Inhibition ofCDKl. CDK5 and GSK-3 $ and CK1 by hymeni aldisine analogues. 

Some natural HD-related compounds isolated from marine sponges and 
some synthetically modified HD analogues on CDKl/cyclin B, Cl?K5/p35, GSK-30 
and CK1 were tested. The results are given on figure 2 and Table 2. Numbers refer 
to structures shown in figure 1. Enzyme activities were assayed as described in the 

25 Experimental Procedures section, in the presence of increasing HD concentrations. 
ICso's were calculated from the dose-response curves. When no inhibitory effect was 
observed (-), the highest concentration tested is given in parentheses. 



30 
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Table 2 



N° 


Compound 


CDKl/cyclinB CDK5/p25 


IC50 (nM) towards 

GSK3-0 CK 1 


1 


hymenialdisine 


22 


28 


10 


35 




hyraenialdisine-platinura complex 30 


200 


nn 


1 nnn 




diacetylhymenialdisine 


130 


1 500 


160 


550 




diacetyldebromohymemaldisine 1,300 


i nnn 




1 inn 


4 


stevensine/odiline 


70,000 


(\ nn nn^ 


- m nn nnn-i 


- m nn oncw 


5 


axmohydantoin 


4,000 


i nnn 


1 nnn 


& snn 


8 


dibromophakellstatin 


-(10,000) 


- (IOOjOOU) 


>1U,UUU 


- (iU,UUU; 


9 


agelastatin A 


-(100,000) 


-(100,000) 


12,000 

t 


-(100,000) 


10 


dibromocantharelline 


> 100,000 


> 100,000 


3,000 


-(100,000) 


11 


dispacamide A 


-(100,000) 


-(100,000) 


-(100,000)- 


- (100,000) 


12 


clathrodin 


> 100,000 


> 100,000 


10,000. 


-(100,000) 


13 


hymenidin 


> 100,000 


4,000 


12,000 


> 100,000 


14 


oroidin 


> 100,000 


50,000 


20,000 ■ 


> 100,000 


15 


agelongine 


-(100,000) 


-(100,000) 


-(100,000) 


-(100,000) 


6 


dibromoageliferin 


> 100,000 ' 


> 100,000 


11,000 


- (100,000) 


7 


sceptrin 


-(100,000) 


-(100,000) 


-(100,000) 


-(100,000) 



HD remained the most active compound. Interestingly, dibromocantharelline (10) 
displayed a significant inhibitory effect towards GSK-3P (IC^ of 3 \iM). Hymenidin 
(13) was selective for CDK5. 

25 . 

. Hymenialdisine is a competitive inhibitor of ATP binding 

To. investigate the mechanism of HD action, kinetic experiments were 
performed by varying both ATP levels and HD concentrations (Fig. 6A). Double- 
reciprocal plotting of kinetic data from assays of CDKl/cyclin B protein kinase 

30 activity at different concentrations of hymenialdisine. Enzyme activities were 
assayed as described under the Experimental Procedures section. Results illustrated 
by Figure 6A; 1/v vs 1/ATP primary plot. ATP concentrations in the reaction 
mixture varied from 0.05 to 0.25 mM, concentration of histone HI was kept constant 
at 0.7 mg/ml. Inset displays secondary re-plots of slopes versus concentration from 

35 primary plots. Apparent inhibition constant (Ki) is indicated by an arrow. Results 
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illustrated by Figure 6B: Hymenialdisine does not release cytlin B from CDK1. 
p9CKShsi. se pharose - immobilised CDKl/cyclin B was exposed, to HD for 30 min., 
washed and analysed by western blotting with anti-cyclin B and anti-PSTAIRE 
antibodies. 

5 The data demonstrates that HD acts as a competitive inhibitor for ATP. The 

linearity of the slope versus HD concentration re-plots qualifies HD as a linear 
inhibitor (Fig. 6A, inset). The apparent inhibition constant (Ki) was 50 nM. HD does 
not act by displacing cyclin B from CDK1 (Fig. 6B): CDKl/cyclin B immobilised on 
p9CKShsi. se pharose was exposed to high HD concentrations; the beads were then 
10 extensively washed, prior to Western blot analysis. Both subunits were still 
detectable together. 

.Crystal structure of the CDK2/ Hymenialdisine comvlex 

The structure of a CDK2 crystal soaked in HD was determined and refined at 
15 2.1 A resolution. Treatment with a cross-linking agent, prior to soaking, was 
necessary to prevent the crystal from cracking. Details of the structure 
determination are given in Table 3. 

Table 3. 



Space gTOup 


P2 1 2 l 2 1 


Cell dimensions (A) a 


53.39 


b 


70.67 


c 


72.26 


Number of measurements (I/a(l)>1.0) 


51723 


Unique reflections 


16264 | 


Completeness of data to 2.10 A (%) 


98.1 


Rsym (%) 


4.8 



25 
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Resolution range (A) 


30-2.10 


Rfactor"(%) 


19.4 


RfrPP t (%\ 


26.2 


B values # (A 2 ) 




Main chain 


J/..0 


Side chains 




Inhibitor 


ACQ 


Waters 


35.2 


Ethylene glycols 


52.0 


Deviations observed 




Rms, bond lengths (A) 


0.008 


Rms, bond angles (°) 


1.32 


Number of water molecules 


84 



* Rsym = 2 I I(h)-<I(h)> | / 1 1(h), with 1(h), observed intensity and <I(h>, mean 
intensity of reflection h over all measurement of 1(h). 

** Rf actor = S | Fo - F c | /I (Fo), the sums being taken over all reflections with F/a(F) > 
5 1 cutoff. 

t Rfree = Rfactor for 10% of the data, which were not included during crystallographic 
refinement. 

# B values - Average B values for all non-hydrogen atoms. 

10 The final model consists of 274 amino acid residues, one bound HD, 85 

solvent molecules and four molecules of ethylene glycol, with a crystallographic R- 
factor of 19.2 % (Rfree of 26.7 %) and good geometry. Residues 36-44 and 149-163 of 
CDK2, that are part of two highly flexible loops, were left out from the final model 
due to weak or missing electron density. All non-glycine residues in the CDK2 

1 5 model have main chain torsion angles that lie well within the energetically favorable 
regions of the Ramachandran plot [26], except for two residues, Glu-73 and Arg-126, 
that have backbone conformations falling just outside the "additional allowed" 
region in <j>-\|/ space. 
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A stereo view of the electron density for HD is given on figure 7. HD could be 
unambiguously localized in a Fourier difference map confirming that this inhibitor 
also binds in the ATP-binding pocket (Fig. 7 A). A schematic representation of the 
binding site interactions is shown in Figs 7B and 8. 
5 Figure 7A is a stereo diagram showing the refined structure of HD in the ATP 

binding pocket of CDK2. Inferred hydrogen bonds are shown as thin dotted lines. 

Figure 7B is a schematic illustration of the interactions between CDK2 and 
HD. Protein side chain contacts are indicated by lines connecting to the respective 
residue box while interactions to main-chain atoms are shown as "lines to the specific 
10 main-chain atom. Van der Waals contacts are indicated by dotted lines, and 
hydrogen bonds by broken lines. 

The pyrroloazepine double ring system of HD fills a shallow hydrophobic 
pocket formed by Ile-10, Val-18, Ala-31, Val-64, Phe-80, and Leu-134, making several 

15 van der Waals contacts with the side chain atoms of these residues. In addition three 
hydrogen bonds are formed with the backbone of CDK2, between the Nl atom of 
the pyrrole ring and the carbonyl oxygen of Leu-83, between the Ol carbonyl 
oxygen of azepine ring and the backbone amide of Leu-83, and between the N2 
amide of the azepine ring and the carbonyl oxygen of Glu-81. The bromine atom 

20 bound to the pyrrolo ring of HD points towards the outside of the ATP-binding 
pocket, were it is partly exposed to solvent, but also packed against the main chain 
carbonyl oxygen's of Ile-10 and His-84, and the side chains of Ile-10 and Leu-134. 
Binding of the guanidine ring system of HD involves a few van der Waals contacts, 
mainly with the side chain of Val-18, in addition to one direct and two water- 

25 mediated hydrogen bonds. The direct hydrogen bond is formed between the N5 
amino group of the guanidine and one of the side chain oxygen's of Asp-145. The 
two water-mediated hydrogen bonds are between the 02 of HD and the main chain 
NH of Asp-145, and between the N5 of HD and the main chain carbonyl of Gln-131. 
Comparison with the apo-CDK2 and CDK2/ATP structures reveals a large 

30 movement of Asp-145 upon binding of HD, consisting of a 1 A shift of the Ca atom, 
and a rotation of the side chain of about 90 ° around the Ca-Cp bond away from the 
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HD guanidine ring. All other residues in contact with the inhibitor have 
conformations very similar to those observed in the apo-CDK2 and CDK2/ ATP 
structures. 

5 . Comparison of CDK2/Hymenialdisnie with other CDKZ/inhibitor complexes 

To provide a structural basis for understanding the potency of HD, the 
structure of the CDK2/HD complex was compared to the structures of CDK2 
complexed with ATP, staurosporine, flavopiridol and with the purine analogs 
olomoucine, roscovitine and purvalanol, as well as with the structure of the cyclin 
10 A/CDK2/ ATP complex. Stereo views showing the comparison are given on figure 
9. 

Figure 9A gives the superposition of HD (black bonds) on ATP (white bonds) 
in apo-CDK2 and on ATP (yellow bonds) in cyclin A-CDK2. 
15 Figure 9B gives the superposition of HD on olomoucine (white) and 

purvalanol. 

Figure 9C gives the superposition of HD on flavopiridol. The CDK2 backbone 
atoms of residues 81-84, and the side chain of Asp-145 in the CDK2/HD complex 
are shown in ball-and-stick representation with black bonds. The same residues 

20 from the superposed CDK2-ligand complex are shown as bonds. In A) the thin 
bonds refer to the apo-enzyme, the thick bonds to the cyclin A-CDK2 dimers. 

The hydrophobic double ring system of HD binds at approximately the same 
position in CDK2 as the purine ring of ATP in the CDK2/ATP complex, similar to 
the positions of the double ring-systems in the other CDK2/ inhibitor complexes 

25 (Fig. 9). Although the orientation of the different double ring systems varies 
significantly among the different inhibitors, it is restrained by the necessity to 
provide optimal shape complementarity with the shallow ATP-purine binding 
pocket while allowing the formation of a number of hydrogen bonds with the 
backbone of residues 81-83 at the cross-over connection in CDK2. The hydrogen 

30 bonding interactions in the CDK2/HD complex seem to be the most favorable of all 
the CDK2/ inhibitor complexes studied so far. The hydrogen ^onds between N2 and 
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the peptide oxygen of Glu-81, and between 01 and the peptide amide of Leu-83 
resemble closely those between the adenine base of ATP and CDK2 and those in the 
CDK2/ inhibitor complexes with staurosporine and flavopiridol The third 
hydrogen bond in the CDK2/HD complex with the main chain carbonyl of Leu-83, 
5 is absent in these complexes, and can be observed only in the complexes with the 
three purine-based inhibitors olomoucine, roscovitine and purvalanol. Like HD 
these latter three inhibitors also form three hydrogen bonds' with the crossover 
connection, but their interaction with the Glu-81 peptide oxygen is much weaker, 
involving a rare C-H— O hydrogen bond with the acidic C8 atom of the purine ring. 

10 The bromine atom of HD is bound close to a region in CDK2 that in the other 

CDK2/ inhibitor complexes is occupied by a benzyl group. Binding of a 
hydrophobic group in this region, where it can pack against the side chains of Ile-10, 
Phe-82 and the backbone of residues 82-84, is important for increasing the specificity 
of inhibitors for CDK2. Although the bromine in HD can riot provide the same 

15 number of interactions as a benzyl ring, the presence of this atom in HD is likely to 
contribute significantly to its binding affinity and specificity towards CDK2, as can 
been seen from the inhibitory activities of various HD-analogs in Table 2 and Fig. 2. 

Interesting also is the region of CDK2 occupied by the guanidine ring of HD. 
A superposition with the other CDK2/ inhibitor complexes shows that only the 

20 flavopiridol and staurosporine inhibitors have groups bound in this region of 
CDK2, which partly overlaps with the pocket where the a-phosphate of ATP is 
bound. Comparison of the structure of the CDK2/HD complex with that of the 
CDK2/ flavopiridol complex [34] reveals a number of striking similarities between 
the binding modes of these structurally diverse inhibitors. The 02 carbonyl oxygen 

25 of HD is located close to the position of the 07 hydroxy 1 group of the flavopiridol, 
which emanates from the benzopyran ring bound at the ATP-purine binding 
pocket. In both inhibitors the oxygen atoms make a water-mediated hydrogen bond 
with the main chain amide of Asp-145. Furthermore, the N5 amino group at the 
guanidine ring of HD is located near to the position of the positively charged amine 

30 group of the piperidinyl ring in the CDK2/ flavopiridol complex. Both atoms are in 
hydrogen bond distance with the side chain carboxylate of Asp-145. The 
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energetically favorable interaction between the positively charged amine group of 
the flavopiridol and the negatively charged carboxylate of Asp-145 would make an 
important contribution to the binding strength of this inhibitor to CDK2. A similar 
interaction seems possible in the CDK2/HD complex, as under physiological 
5 conditions the guanidine ring is likely to be at least partly protonated at N3, thus 
providing a (partly) positive charge delocalized between N3, CU, N4 and N5. Also 
the movement of Asp-145 is conserved in both CDK2/ inhibitor complexes. It is also 
seen in the indirubin-5-sulphonate/CDK2 structure. Asp-145 is part of the 
conserved DFG motif found in most protein kinases. Although significantly 
10 different from those in the CDK2/ATP complex, the position and conformation of 
Asp-145 in both CDK2/ inhibitor complexes is in fact very similar to those in the 
functionally more relevant cyclin A/CDK2/ ATP complex (Figure 9 A). 

. In vitro inhibition of presenilin phosphontlatio 

15 

The effects of HD on the in vitro and in vivo phosphorylation of various protein 
substrates relevant to Alzheimer's disease were also investigated 
The large hydrophilic loop of presenilin-2 between transmembrane domains 6 and 7 
is a substrate for both casein kinase 1 and 2 in vitro; this domain is phosphorylated 

20 in vivo [25]. Using a presenilin-2-MBP fusion protein as an in vitro substrate for 
CK1, a dose-dependent inhibition of presenilin-2 phosphorylation by HD was 
observed (Fig. 3). MBP alone was not phosphorylated by CK1. 
.In vitro and in vivo inhibition ofPakl yhosvhorulation by neuro nal CDK5/v35. 

Among the physiological substrates of CDK5/p35 is the neuronal kinase 

25 Pakl [17]. Both Pakl and p35 associate with Rac, a small. GTPase of the Rho family. 
Pakl phosphorylation by CDK5/p35 results in an inhibition of the Pakl kinase 
activity. Roscovitine inhibits CDK5/p35 and the resulting down-regulation of Pakl 
both in vitro and in vivo. These experiments were repeated with HD (Fig. 4). First 
CDK5/p35 was immunoprecipitated from P02 rat cortices and its kinase activity 

30 towards GST-PaklK299 (kinase-dead Pakl mutant) in the presence of HD, 
roscovitine or DMSO was assayed as [17]. A dose-dependent inhibition of CDK5 by 
HD was observed (ICso between 10 and 100 nM) (Fig. 4A). In yivo experiments were 
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next performed using cultured neurons obtained from E18 rat embryo cortices (Fig. 
4B). HD was added when the cultures were 4 days old and left on the cells for 1 
hour. DMSO was used as a control. The cells were then lysed on ice in STM buffer 
and the membrane fraction isolated [17]. Pakl was then immunoprecipitated and 
5 assayed using histone H4. The amount of H4 phosphorylation, measured by the 
intensity of the bands on the autoradiography film, was quantitated with NIH 
imaging program. As controls for loading anti-Pakl and anti-p35 western blots were 
performed. As previously shown [35], p35 increases in amount with the extent of 
CDK5/p35 kinase inhibition. An increase in Pakl activity was observed, consistent 
1 0 with an inhibition of endogenous CDK5 activity (Fig. 4B). 

.HP inhibits MAP-IB phosphorylation by GSK-3 in cerebellar granule cell neurons 

GSK-3p is inhibited by both WNT-7a and lithium in cerebellar granule cell 
neurons. [49,50]. WNT-7a and lithium induce axonal remodelling and loss of a 

15 phosphorylated form of MAP-IB, a microtubule associated protein involved in 
axonal outgrowth. As GSK-3P phosphorylates MAP-IB at a site recognised by the 
antibody SMI-31 inhibition of GSK-30 by WNT or lithium results in the loss of a 
phosphorylated MAP-IB, MAP-1B-P. To examine the effect of HD on neuronal 
morphology and MAP-IB phosphorylation cerebellar granule cells were cultured in 

20 different concentrations of HD. 

The results are given on figure 10. Double immunofluorescence staining for 
GAP-43 and MAP-1B-P shows that MAP-1B-P is present along the axon (A and B). 
20h treatment with 10 jiM HD has no obvious effect on cell morphology (C), or 
MAP-1B-P (D). Arrows indicate the same cells. 50 ^M HD treatment induces axonal 

25 spreading, shortening of the axon (E) and loss of MAP-1B-P from axonal processes 
(F). Arrows indicate the same cells. 100 \iM HD treatment causes a more dramatic 
change in cell morphology with spreading and branching along the axon, an 
increased number of filopodia and shortening of the axon (G). MAP-1B-P is lost 
from most of the axonal processes (H). Arrows indicate axons where MAP-1B-P is 

30 lost. Bar = 20 nM. 
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Western blotting analysis of cell lysates shows a gradual decrease in MAP- 
1B-P in response to increasing doses of HD (I). 

In control cells with long processes and very few filopodia (Fig. 10A), MAP- 
1B-P is present along the entire length of the axon (Fig. 10B). At low concentrations 
5 (1 uM, 10 uM, 25 uM) HD had no noticeable effect on the morphology of the cells 
(Fig 10C), or the distribution of MAP-1B-P (Fig. 10D). However, 50 uM HD 
treatment induced axonal spreading and branching and a shortening of axon length 
(Fig. 10E), with a concomitant loss of MAP-1B-P from most of the axonal processes 
(Fig. 10F). Treatment of cultures with 100 uM HD caused a more dramatic change in 
10 cell morphology characterised by extensive branching and spreading, shortening of 
axon length and an increased number of filopodia were observed (Fig. 10G), 
together with loss of MAP-1B-P from processes (Fig. 10H). The axonal remodelling 
observed was associated with a loss of stable microtubules from spread areas of the 
axons. HD induces the loss of MAP-1B-P in a dose-dependent manner as 
15 determined by Western blotting (Fig. 101). This effect is similar to that observed 
with lithium or WNT-7a treatment [37]. As it was shown that HD inhibits GSK-30 
directly, said results suggest that the loss of MAP-1B-P and axonal remodelling 
induced by HD is a consequence of GSK-3P inhibition in cultured neurons. 

20 .Inhibition oftau vhosvhorulation bv GSK-3 in vivo and in vitro 

The microtubule-binding protein tau is the substrate of several kinases, 
including GSK-30 and CDK5/p35. Bacterially-expressed recombinant human tau 
was indeed phosphorylated in vitro by GSK-30 and this phosphorylation was 
inhibited in a dose-dependent manner by FTD, with an ICso around 33 nM (Fig. 5A). 

25 The effect of HD on the in vivo phosphorylation of human tau23 expressed in Sf9 
cells was then investigated (Fig. 5B). Cells were left untreated (-), or exposed to 0.2 
uM okadaic acid (OA), 50 uM HD or 50 uM flavopiridol (FL), a CDK inhibitor which 
also inhibits GSK-30. Htau23 was resolved by SDS-PAGE foUowed by 
immunoblotting with various antibodies. K9JA (a pan-tau antibody) recognizes all 

30 preparations which contain tau. AT8, AT180 and PHF1 are specific for different 
phosphorylated SP or TP motifs, respectively Ser202 & Thr205, Thr231 & Ser235 and 
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Ser396 & Ser404 (as numbered in htau40, the longest human tau isoform). AT100 
recognizes tau phosphorylated at T212 and S214; this reaction is highly specific for- 
Alzheimer tau but occurs in Sf9 cells as well, provided both sites are 
phosphorylated. The disappearance of AT100 signal following treatment with HD 
5 or flavopiridol indicates that both compounds are able to inhibit GSK-3P like 
activity in Sf9 cells. 

III Manufacture of CPKsl,2,5, GSK-3B and casein kinase 1 inhibitors 

i 

10 - Liquid formulation 

A suspension or solution of HD is prepared by adding 100 to 1000 mg of HD to a 
liquid carrier, such as ethanol, glycerine, a non-aqueous solvent, such as 
polyethylene glycol, oils, or water with a suspending agent, perservative, flavoring 
or coloring agent, the amount of liquid carrier being adjusted to obtain the required 

1 5 concentration in active principle. 

, - Tablet 

The 2 bromo HD derivative is incorporated to a carrier, such as magnesium stearate, 
20 starch, lactose, sucrose or cellulose, and compressed. 

The respective amounts are choosen dependig on the desired concentration in the 
active principe. 

IV Study of the cellular effects of HD 

25 

METHODS 

NCI disease-oriented in vitro screen 

Sixty human tumor cell lines comprising 9 tumor types (Boyd and Paull, 1995) were 
cultured for 24 hr prior to a 48 hr continuous exposure to 0.01-100 jiM roscovitine. A 
30 sulforhodaminine B protein assay was used to estimate the cytotoxicity. 

Thymidine uptake. HT29-18-C1 cells were cultured in a 24 well plate at a cell density of 
2.105 cells/500 \i\ medium/well. Subconfluemt cells were rinsed and placed in serum free 
medium for 48 h for the starvation-synchronization. The release, from growth arrest was 
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performed by addition of 5 % serum in the presence of HD. 2^Ci of methyl-3H thymidine 
(specific activity 50Ci / mMol) (ICN Biomedical) were added to each well during the last 4 h 
of a 24 h treatment period. Cells were then washed with PBS and treated with cold 5% 
trichloracetic acid for 45 min at 4°C. Cells were rinsed with water and solubilized with 0.3 
5 M NaOH for 1 h at 37°C. The radioactivity was measured with a Beckman beta counter. 

Cell culture and treatments. HT29-18-C1, a subclone of the human colon adenocarcinoma 
cell line HT29, was cultured in Duibecco's modified Eagle's medium (Gibco-BRL) 
supplemented with 10% FCS, 2 mM L-glutamine (Eurobio) and 50 mg/ml gentamycin 
(Gibco-BRL) at 37 °C, 10% C02. Cells were synchronized by serum deprivation for 48 h. 

10 They were then released from growth arrest by the addition of 5 % fetal calf serum (FCS). 
HD, prepared in DMSO, was added immediately to the medium, for 24 h and at final 
concentrations ranging from 0 to 80 nM. In some experiments HD was added 22 h after 
serum addition for an additional 24 h. In other experiments HD was added to unsynchronised 
cells. Cells were then washed and cultured in 5% FCS medium and counted or analysed by 

1 5 F ACS at different times. 

Cell counts and How cytometric cell cycle analysis. Cell were counted with a 
hemocytometer. Cell cycle distribution was analysed by flow cytometry. The adherent cells 
(i.10 6 ) were trypsinised and fixed in cold 70% ethanol for 4 h. Fixed cells were washed with 
PBS and incubated with 5 \ig of RNAse A (Sigma Chemicals) per ml and stained with 25 

20 ng/ml of propidium iodine (Aldrich) for 1 h at 37°C. The stained cells were analysed on a 
FACScan cytofluorimeter using the cellFit Software program (Becton Dickinson 
Immunocytometry Systems). 

RESULTS' 

25 Cellular effects of hymenialdisine: inhibition of proliferation 

HD (0.01-100 |iM; 48 hr exposure) was tested on the NCI disease-oriented in vitro screen, i.e. 
60 human tumor cell lines comprising 9 tumor types (leukemia, non-small cell lung cancer, 
colon cancer, central nervous system cancer, melanoma, ovarian cancer, renal cancer, prostate 
cancer, breast cancer). All cell lines displayed a similar sensitivity to HD. The average IC50 
30 was 15.1 (roscovitine: 16 ^iM (Meijer et al., 1997); olomoucine: 60.3 nM (Abraham et al., 
1995)). No correlation was observed between the sensitivity of cell lines to roscovitine and the 
presence of wild-type or mutated p53. 
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Cellular Properties 

Inhibitor of cell proliferation 

Compound IC50 (ng/ml) on P388 cell line 

5 Hymenialdisine 3.2 (9.9 ^M) 

Diacetylhymenialdisine 0.56 (1.7 ^M) 

IC50 (ng/ml) 

human cancer cell line dibromophakellin hymenialdisine 



10 dibromophakellstatin 

ovary, OVCAR-3 15.7 1.8 0.46 

. brain, SF-295 18.8 38.9 1.5 

kidney, A498 17.8 24.7 0.21 

lung,H460' 22.0 42.0 0.62 

15 colon, KM20L2 20.1 8.5 0.11 

melanoma, SK-MEL-5 17.0 5.7 0.11 



Cellular effects of hymenialdisine: arrest in S phase aod at the G2/M transition 
20 Hymenialdisine causes growth inhibition ofHT29-l 8-C1. • 

HT29-18-C1 cells were synchronised in Gl by serum deprivation. 5% FCS was added at 
time 0 and cells were simultaneously treated (o) or not (o) exposed to lO^M HD. During 24 
h and thereafter cultured in 5% FCS-containing medium. Celi number was determined every 
12 h for a 72 h period using a hemocytometer. The kinetics of growth inhibition are given on 
25 Figure 9A. HD treatment resulted in strong growth inhibition as monitored by the reduced 
increase in cell number over a 72 h period as compared to the control. Serum-treated cells 
(time 0) were exposed to various HD concentrations and counted after 24 h. The results are 
given on Figure 9B. The number of non-serum stimulated cells *(|D is indicated for 
comparison. The inhibitory effect was -HD dose-dependent, with an IC50 of 5 [iM (Fig. 9B). 
30 Trypan blue dye exclusion indicated little toxicity associated with 10 and 80 nM HD at 24 h 
(> 95% and 90% viability, respectively). This antiproliferative effect of HD appears to be 
reversible. In fact, cells slowly began to proliferate again after 72 h culture. 
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Hymenialdisine causes an S phase arrest. 

The results concerning the cell cycle distribution of HD-treated cells are given on Figure 
10A. HT29-18-C1 were serum-starved for 48 hr. 5 % serum was then added (time 0) and 
cells were simultaneously treated or not with 5 or 40 uM HD for the next 24 h. Cells were 

5 then fixed and their cell cycle phase status was determined by FACscan analysis as described 
in the Experimental Procedures section. Numbers indicate the % of cells in the different the 
cell cycle phases. Figure 10B gives the kinetics of S phase accumulation in HD-treated cells. 
Serum was added at time 0 to serum-starved HT29-18-C1 cells which were simultaneously 
treated or not with 10 uM HD for the following 24 h. Cell cycle distribution was analysed 

10 every 24 h for a 72 h period. 

Fluorescent-activated cell sorter (FACs) analysis revealed that HD treatment lead to an 
accumulation of cells in S phase relative to the untreated cells. In the absence of HD, serum- 
stimulated cells readily proceeded to enter G2/M (Fig. 10A). In contrast, HD-treated cells 
failed to proceed into G2/M following serum stimulation but remained arrested in S phase. 

15 The effect of HD on cell cycle distribution of the HT29-18-C1 culture was also investigated 
over time (Fig. 10 B). Synchronized cells were placed in 5% FCS medium in the presence or 
absence of 10 uM HD for 24 h. Cells were then cultured in 5% FCS medium for another 48 
h. In agreement with cell counts, its was observed that HD inhibits cell proliferation over 72 
h of cell culture with an accumulation of cells in S phase (Fig. 10 B). Hymenialdisine causes 

20 a G2/M arrest. 

In another type of experiments, HT29-18-C1 were serum-starved for 48 hr. 5 % serum was 
added at time 0 and 10 uM HD was added 22 hr later. The cell cycle distribution was 
determined 14 h later, i.e: 36 h after serum stimulation, by FACscan analysis as described in 
the Experimental Procedures section. In this case, the cells had a chance to enter the S phase 
25 and HD treatment lead to an accumulation of cells in G2/M (Fig. 1 1 ). 
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CLAIMS 

1/ The use of hymenialdisine or derivatives thereof of formula I 




10 



in which Rl and R2, identical or different, represent H or Br, or a pharmaceutically 
acceptable salt thereof, in the manufacture of a medicament for use in inhibiting 
15 cyclin dependent kinases, GSK-3p and casein kinase 1. , ^ 

2/-The use according to claim 1, wherein the compound is 4- (2- 
amino-4-oxo-2-imidazolin-5-ylidene)- 4, 5, 6, 7-tetrahydropyrrolo (2,3-c) azepine-8- 
one, or a pharmaceutically acceptable salt thereof. 

20 

3/-The use according to claim 1, wherein the compound is 4-(2- 
amino-4-oxo-2-imidazolin-5.ylidene)-2-bromo-4, 5, 6, 7-tetrahydropyrrolo (2,3-c) 
azepine-8-one, or a pharmaceutically acceptable salt thereof. 

25 4/- The use according to anyone of claims 1. to 3, wherein said 

medicaments are intended for treating or preventing neurodegenerative disorders. 

5/- The use according to claim 4, wherein said medicaments are 
intended for treating Alzheimer's disease. 



6/- The use according to anyone of claims- 1 to 3, wherein said 
medicaments are intended for treating or preventing diabetes. 
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7/- The use according to anyone of claims i to 3, wherein said 
medicaments are intended for treating or preventing inflammatory pathologies. 

8/- The use according to anyone of claims 1 to 3, wherein said 
medicaments are intended for preventing or treating cancers. 

9/- The use according to anyone of claims 1 to 8, wherein said 
medicaments are prepared for an administration by the oral route. 

10/ The use according to anyone of claims 1 to 8, wherein said 
inhibitors are prepared for an administration by an injectable route. 
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A. In vitro - GSK-3 
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figure 5 
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figure ? 
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